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Table 1. Primary antibodies used for immunoassays 






DESMIN ab32362 SMAD3 9523 
Gα13 ab128900 p-Thr 9386 
GRP78 ab21685 MyHC2a SC-71 
DSHB* 
HNRNPA1 ab5832 MyHC2b BF-F3 
MyHC1 ab11083 ATF6 sc-22799 
Santa Cruz 






pSer473-AKT 9271 Gα12 sc-409 
AKT 4685 Gα13 sc-410 
Flag-tag 8146 His-tag sc-803 
pSer9-GSK3β 9323 IRE1 sc-20790 
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Sigma-
Aldrich 
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  cDNA     miRNA   
 miScript SYBR Green PCR kit(Qiagen)     
.  RNA        
     Primer-BLAST (  
)   (Table 2). 
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α-SMA CGTGGCTATTCCTTCGTTAC T G C C A G C A G A C T C C A T C C 
CHOP CTGGAAGCCTGGTATGAGGAT CAGGGTCAAGAGTAGTGAACGT 
COL1A1 AACATGACCAAAAACCAAAAGTG CATTGTTTCCTGTGTCTTCTGG 
CTGF CGACTGGAAGACACGTTTGG AGGCTTGGAGATTTTGGGAG 
GRP78 CATCACGCCGTCCTATGTCG CGTCAAAGACCGTGT TCTCG 
SMAD2 CCAGGAATTTGCTGCTCTTC TCCATAGGGACCACACACAA 
SMAD3 GGCTCCCTCATGTCATCTACT AGTAGGTAACTGGCTGCAGGT 
TGFB1 GGCAGTGGTTGAGCCGTGGA TGTTGGACAGCTGCTCCACCT 
β-actin GATGAGATTGGCATGGCTTT GTCACCTTCACCGTTCCAGT 
 
Rat mRNA 
α-SMA GCTCTGTAAGGCGGGCTTTG ACGAAGGAATAGCCACGCTCA 
Col1a1 CTGCATACACAATGGCCTAA G G G T C C C T C G A C T C C T A 
Tgfb1 TTGCCCTCTACAACCAACACAA GGCTTGCGACCCACGTAGTA 
Timp1 TTCGTGGGGACACCAGAAGTC TATCTGGGACCGCAGGGACTG 
Grp78 GGGACAGGAAACAAAAACAAAATC T C T C G G C G T C A T T G A C C A T 
β-actin TGTACGTAGCCATCCAGGCT TTCTCCAGGGAGGAAGAGGA 
 
Mouse mRNA 
α-SMA GGCTCTGGGCTCTGTAAGG CTCTTGCT CTGGGCTTCATC 
Acadl GCATCAACATCGCAGAGAAA GGCTATGGCACCGATACACT 
Acadm TTGAGTTGACGGAACAGCAG CCCCAAAGAATTTGCTTCAA 
Acads TTGCCGAGAAGGAGTTGGTC AGGTAATCCAAGCCTGCACC 
Acox1 ACTACCTGGACAGCCAATGC CCCGACTGAACCTGGTCATA 
Cd36 GATGACGTGGCAAAGAACAG TCCTCGGGGTCCTGAGTTAT 
Col1a1 ACCTGTGTGTTCCCTACTCA GACTGTTGCCTTCGCCTCTG 
Cpt1b AAGAGACCCCGTAGCCATCAT GACCCAAAACAGTATCCCAATCA 
Gna13 GGAGACTCGAGTGTTCCTGC TGGAATGTAATCCGGTACTCCAA 
Grp78 TGGTATTCTCCGAGTGACAGC AGTCTTCAATGTCCGCATCC 
Lpl CCCTACAAAGTGTTCCATTA C T C G C T C T C G G C C A C T G T 
mt-Co1 ACTATACTACTAACAGACCG GGTTCTTTTTTTCCGGAGT A 
mt-Co2 AACCATAGGGCACCAATGATAC  GGATGGCATCAGTTTTAAGTCC 
Nrf1 GGAGCACTTACTGGAGTCC CTGTCCGATATCCT GGTGGT 
11 
Pdk4 ACCGCATTTCTACTCGGATG CCTCCTCGGTCAGAAATCTT 
Pgc1a ACGAGGCCAGTCCTTCCTCC AGCTCTGAGCAGGGACGTCT 
Tfam GCAAAGGATGATTCGGCTCAGGGAA CCGGATCGTTTCACACTTCGACGG 
Tgfb1 GCCCTGGATACCAACTATTGC TGTTGGACAGCTGCTCCACCT 
Timp1 GGTGTGCACAGTGTTTCCCTGTTT TCCGTCCACAAACAGTGAGTGTCA 
Rna18s5 GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 







Universal reverse primer 
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   6:4   .   
Haematoxylin  . 
5)  : (Soleus)    Karnovsky 
   1% osmium tetraoxide   0.05 M   
.  0.5%    
   Spurr   .   




7.   
    ,    
 120°C  3   .   
hydroxyproline colorimetric assay kit(Biovision)      
 . 
 
8.   
        
  type 1 collagenase(Sigma-Aldrich)   10 ml/min  
 15  .  200g  2   
   Ficoll/Percoll (GE Healthcare) 1:10  
    . 
    (Kim et al., 2016)     1.5%
  CD31-CD45.2-Sca1-VCAM1+    
.         
type 2 collagenase(Worthington)  dispase (Life Technologies)    
APC anti-CD31, APC anti-CD45.2, FITC anti-Sca1, PE anti-VCAM1 
(Biolegend)   FACSAria (BD Biosciences)  
.  ,   LX-2 (Icahn School of 
Medicine at Mount Sinai  S.L. Friedmann  ), C2C12 (American 
Type Culture Collection)  37°C, 5%    
 10% , 100 U/ml   100 μg/ml  
 Dulbecco’s modified Eagle’s medium (DMEM)  . 
    5%   , C2C12
 2%     . 
14 
9.   
   10 mM HEPES, 10 mM , 0.1 mM EDTA, 
0.5% Nonidet P-40, 1 M DTT, 0.5 M PMSF    (pH7.9)
  . 10      7200g  5  
     .  20 mM HEPES, 
400 mM , 1 mM EDTA, 10 mM DTT, 1 mM PMSF   
(pH7.9)     30  .  15,800g  10  
    .  
 
10.  siRNA  
FuGENE HD  Amaxa Nucleofector(Lonza)    
 siRNA    . Flag-hnRNPA1 (Origene), PERK   
  (University of Cambridge  D. Ron  ), Flag-
Rock2 (Genecopoeia), NFATc1 (La Jolla Institute for Allergy and Immunology  A. 
Rao  ), NFAT   (Howard Hughes Medical Institute
 G.R. Crabtree  )   pcDNA3.1 
       12   . 
Rock1  Rock2    siRNA  SMARTpool(Dharmacon)   
 siRNA     72   . G13QL
   LacZ    
     12   . 
 
11.    
 SMAD2     (luciferase) 
(Genecopoeia)    3   NFATc1 
15 
    .  48  
   Luciferase Assay System(Promega)    
  . 
 
12.  
Flag-hnRNPA1    PERK  , HA-NFATc1   
 Rock2        500 μg 
     1 μg  4°C  12-18  . 
-    G   4°C  4   
        
 . 
 
13. ,  ,  
1) :   PERK(Sigma) 0.01 μg    
HNRNPA1(Abcam) 0.1 μg,    ROCK2(Abcam) 0.2 μg   
 NFATc1(Sigma) 1 μg  32P-ATP   2 mM HEPES, 5 mM 
, 1 mM ethylene glycole-bis(-aminoehyl ether)-N,N,N’,N’-tetraacetic acid, 
1 mM DTT, 25 mM -glycerophosphate, 1 mM Na3VO4,  
(Calbiochem)    .   
  500 μg  8  (HSPSTSPR)  
ROCK2 0.1 μg, NFATc1 0.5 μg   .  SDS-PAGE 
 FLA7000 (GE Healthcare)    
. 
2)  : 73   HNRNPA1    
 Phosphosite Detector(JPT Peptide Technology)  10 mg/ml  
16 
 PERK   32P-ATP     FLA7000  
  . 
3) : NFATC1   ROCK2    ATP  
.   NFATC1    Q Exactive 
Hybrid Quadrupole-Orbitrap Mass Spectrometer(Thermo Scientific)   
. 
 
14.   
   ( )  
.    30  10 m/min     16 
m/min     10  2 m/min   . 
 10 m/min   1  3     . 
 20        
 .        
  4     .   
 Gα13     . 
 
15.      
     (hyaluronidase)  
40 μg . 3   shNFATc1(5’-GAGGCTATAAGAGGATGTTGT-3’)
   80 μg      
    shRNA(5’-TTCTCCGAACGTGTCACGT-3’)  
. ECM830 (Harvard Apparatus)    8  
 (50 ms, 1 Hz, 62.5 V)  . 14     
 . 
17 
16. CRISPR    
Gα13  NFATc1   sgRNA  Cas9   
(Sigma)  puromycin N-acetyl-transferase     
C2C12  . 3   puromycin   
          
. 
 
17.   
 XFp Extracellular Flux Analyzer(Seahorse Bioscience)  
.  1     . 3  3
     Fixed Delta  . 
 
18.      
   1H minispec system(LF90II, Bruker Optik)  
 .       
    CLAMS(Columbus Instruments)   
    .    
 . 
 
19.      
1)   : 7      
   16      
  DMEM  15  .  1 mM 2-
deoxyglucose   15       Glucose 
uptake assay kit(Abcam)   2-deoxyglucose   . 
18 
2)   : 50     2% 
 0.5 μCi/ml [9,10-3H]-palmitate (PerkinElmer), 0.2 mM 
 palmitate   DMEM   . 30  30°C   
 1 M    50°C  1  .  
  . 
 
20.    
1) : 7        
 16       Accu-Check 
(Roche)   .  (2 g/kg)    
 15, 30, 60, 120    . 
2) : 9       
  8    (Humalog, 0.75 U/kg)    
 30, 60, 120   . 
 
21.   (hyperinsulinemic-euglycemic clamp) 
   [3-3H]- (PerkinElmer)  0.05 μCi/min  
 2      .  21.4 
mU/kg (Eli Lilly)      3 mU/kg   
  150     .  
      [3-3H]-  0.1 μCi/min  
 .        90-120
   5   2-deoxy-[1-14C]- (PerkinElmer)  
. 150      . 
     . 
19 
22.     
  5% NP-40, 0.1 M , 1 mM EDTA   
0.1 M Tris-acetate (pH 7.4)  .   6  
  / (2:1)     1   
 800g  3  .   colorimetric 
quantification reagent(Sigma)       
. 
 
23.   
  tunicamycin, thapsigargin, brefeldin A, A23187, Y-27632 
 Sigma-Aldrich  . 
 
24.  
  RNA     OD 260/280 
 1  , Agilent 2100 Bioanalyzer(Agilent Technologies)  
 . GeneChip WT amplification kit(Affymetrix)   
cDNA      TdT   GeneChip 
WT Terminal labeling kit(Affymetrix)    .  
5.5 mg   DNA  GeneChip Mouse 2.0 ST array(Affymetrix)  45
 16  .  GCS3000 Scanner(Affymetrix)  
.    RMA  .    
         R 
(Bioconductor)  .   
     Gene Expression 
Omnibus(GEO)   GSE83737  . 
20 
25.   
GEO (GSE29929)    (2   
0.5 , P < .01)  , DAVID 6.7 (  
)    ontology   TGF 
    STRING 9    
  , Cytoscape 3 (  
)   .    GEO 
(GSE9103, GSE43346)        
R  . 
 
26.  
     Photoshop CC 
(Adobe Systems)  .  ±  
    Student’s t-test   P < .05  P 
< .01  . Pearson    r   
  .  
21 
III.   
1.       
 
1-1.           
       
         
.        
     GRP78  CHOP(  DDIT3) 
  (Figure 1A).     
  GRP78  CHOP mRNA    
 CHOP mRNA    (Ishak fibrosis 
score)    (Figure 1B).    
          
         PERK
 . PERK       
    α-SMA      
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Figure 1. ER (endoplasmic reticulum) stress associates with liver fibrosis











B) Left, qRT-PCR assays for 






































1-2.      
       
  (Friedman, 2008).    
     .  
 12         
 Calreticulin  SEC61   (Figure 2A),  
        
   .      
  ,       
  Grp78        
(Figure 2B). ,      
tunicamycin   Tgfb1, α-SMA, Col1a1, Timp1    
mRNA   (Figure 2C).   
         
   thapsigargin  brefeldin A    
  (Figure 2D). ,    
       . 
  
C






























































































Figure 2. ER stress correlates with hepatic stellate cell (HSC) activation
(A) Confocal imaging for ER in rat primary HSCs. CALR and SEC61A were 







 B) qRT-PCR assays on HSCs isolated from mice 
treated with vehicle or CCl4 for 3 weeks (n=3 for each group). (C) qRT-PCR assays 


























B and C, 




1-3.        
 
        
  α-SMA    Grp78    
    ,    
(Figure 3A).   Grp78   
  Grp78     Myc   
 (perisinusoidal space)     
.    Myc     Desmin
     .    
        
  .      
 .  ,  ,    
 Masson   Grp78     
        
,       
   (Figure 3B).   Tgfb1, 
α-SMA, Col1a1, Timp1  mRNA   Grp78    
 (Figure 3C).  , tunicamycin   
 Grp78        
 (Figure 3D).      





























































































P < .05P < .05























Figure 3. ER stress in hepatic stellate cells promotes liver fibrosis
(A) Lentiviral SMA-Grp78-Myc-KDEL delivery to HSCs in mice. Left, liver 
sections were immunostained against Myc-tag and colored using 







 Right, immunoblottings on 
primary HSCs isolated after lentiviral injection. (B) Masson’s trichrome staining and 
liver hydroxyproline content. Mice were injected with the lentivirus (or vehicle), and 
were treated with CCl4 twice a week for 6 weeks (n=4-8 for each group). (C and D) 
qRT-PCR assays. (C) The liver samples in panel B were used. (D) After an injection 
of the lentivirus, the mice were treated with tunicamycin (or vehicle) and were 




1-4.    Smad2      
SMAD2/3      TGF   
    (Yoshida and Matsuzaki, 2012). 
SMAD2/3          
 (Massagué, 2012).      
    SMAD2     
,   SMAD3    (Figure 4A). 
GEO (GSE25097)       
      SMAD2  
       α-SMA  mRNA 
   (Figure 4B).   SMAD3  
     .   
         
 SMAD2        
SMAD2   (Figure 4C). GRP78   
    GRP78    
   SMAD2   ,   
 SMAD2    (Figure 4D). GEO 
(GSE29929) ,    tunicamycin   
    SMAD2   (Figure 
4E).   tunicamycin   TGF 
    ,   
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Figure 4. Smad2 is overexpressed in fibrotic liver by ER stress
(A) qRT-PCR assays for SMAD2 or SMAD3 in fibrosis patients. (B) Pearson’s 
correlation analyses in a large cohort of fibrosis patients (GSE25097) (n=46). (C) 
Immunoblottings for SMAD2/3 in the livers or the HSCs from mice treated as in 
Figure 2B. (D) qRT-PCR assays for SMAD2, SMAD3 or GRP78 transcripts in liver 
fibrosis patients grouped into low- and high-GRP78 cohort (n=18 each) using the
29 
median. (E and F) Transcript levels in mice treated with tunicamycin (Tun) (n=3-4 
each). The data were extracted from GSE29929 and reanalyzed. (E) Transcript levels 
of SMAD2 and SMAD3. (F) Left, a heatmap of tunicamycin-induced gene transcripts 
in the TGF-associated pathway. Right, an interaction network. Gene interactions 
were analyzed using STRING database. Node size reflects fold-change as compared 
to vehicle-treated control. For A and D, data represent the mean ±S.E.M. (N.S., not 
significant).  
30 
    SMAD2   
   LX-2   . SMAD2
 SMAD3          , 
     . LX-2  tunicamycin
        
SMAD2       , SMAD3
   (Figure 5A).    
    ,  tunicamycin   
SMAD2       4-phenylbutyric 
acid (PBA)    tunicamycin     
   (Figure 5B).  SMAD2   
         
,   LX-2  siRNA   SMAD2   
   α-SMA, COL1A1, CTGF   
 SMAD3       (Figure 5C). 
      SMAD2  
      . 
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tunicamycin for 14 h. (B) Immunoblottings of lysates from rat primary HSCs treated 
with 200 nM tunicamycin alone or in combination with 3 mM PBA (4-phenylbutyric 
acid) for 19 h. (C) qRT-PCR assays. LX-2 cells were treated with tunicamycin for 18 
h after transfection with control siRNA (siCon), siSMAD2 or siSMAD3. For B and 
C, data represent the mean ±S.E.M, from at least 3 separate experiments 
























































































































1-5.    miRNA  Smad2   
    SMAD2    
 miRNA    .  SMAD2  3’ 
(3’ UTR)     miR-17-92  , 
    miR-17, -18a, -19a, -20a, -19b-1, -92-1  TGF 
      (Li et al., 
2012).    miR-18a  Smad2   
  .      
(Targetscan)   , ,  SMAD2 mRNA  miR-18a  
    (Figure 6A). 
   tunicamycin   miR-18a   
      miRNA  
  (Figure 6B).      
      miR-18a   
(Figure 6C). miR-18a    (antisense 
oligonucleotide)    SMAD2     α-SMA 
  miR-18a      
    (Figure 6D). miRNA   pri-
miRNA       (Lee et 
al., 2003).   miR-18a     
   pri-miR-18a    (Figure 6E). 
    miR-18a      
   . 
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Figure 6. miR-18a dysregulation by ER stress induces Smad2 overexpression
(A) Alignments of miR-18a binding to the 3’-UTRs of Smad2 mRNAs in different 
species, and the miR-17-92 gene cluster. (B and C) qRT-PCR assays on (B) rat 
primary HSCs treated with vehicle or tunicamycin (12 h), or (C) in vivo-activated 












(ASO) against miR-18a or control (48 h). (E) qRT-PCR assays. The cells were 
treated with tunicamycin (24 h). For B-F, data represent the mean ±S.E.M. from at 
least 3 separate experiments (significantly different as compared to control, *P < .05; 











































































































































1-6.    hnRNPA1   
hnRNPA1  miR-17-92    miRNA  
  miR-18a      
(Guil and Cáceres, 2007) ,    miR-18a   
hnRNPA1   . ,   
tunicamycin   LX-2    hnRNPA1   
(Figure 7A).         
(Figure 7B).    hnRNPA1   
        . LX-
2  tunicamycin   hnRNPA1     
,       
     (Figure 7C).  
  hnRNPA1       
 (Figure 7D).  cycloheximide   
   hnRNPA1      30%
 (Figure 7E).     hnRNPA1
   .     
  hnRNPA1     . 
PERK  (dominant negative)    hnRNPA1
   , IRE1  ATF6   siRNA   
 (Figure 7F).     PERK 
 hnRNPA1   . 
  
35
Figure 7. ER stress destabilizes hnRNPA1 in PERK-dependent manner
(A) Confocal imaging for hnRNPA1 in LX-2 cells treated with tunicamycin. (B) 
Immunoblotting for hnRNPA1 in the nuclear or cytoplasmic fractions. (C) The effect 
of tunicamycin on hnRNPA1 in the whole cell lysates of LX-2 cells or rat primary 
HSCs. (D) Immunoblottings on HSCs isolated from mice treated as in Figure 2B. (E) 
The effect of ER stress on the stability of hnRNPA1. After transfection with 
FLAG-tagged hnRNPA1 for 24 h, LX-2 cells were treated with tunicamycin (6 h), 
and continuously exposed to cycloheximide for the indicated times. The expected 
decay rate of FLAG-hnRNPA1 was calculated using a standard logistic decay 
equation. (F) The effect of DN-PERK transfection, or knockdown of IRE1 or ATF6 
on the decrease of hnRNPA1. The cells were transfected with a kinase-dead mutant 
A
F
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36 
form of PERK or each siRNA, and exposed to tunicamycin (or vehicle). For C, data 
represent the mean ±S.E.M. from at least 3 separate experiments (significantly 
different as compared to control, *P < .05; **P < .01). 
  
37 
1-7.    hnRNPA1     
PERK   hnRNPA1       
 . Tunicamycin   hnRNPA1   
PERK   PERK   hnRNPA1     
 PERK    hnRNPA1    
(Figure 8A). Tunicamycin       
PERK     2.5%  hnRNPA1     
     (Figure 8B).  
    .  GST-PERK  His-hnRNPA1 
      (in vitro 
kinase assay)  PERK   hnRNPA1     
(Figure 8C). 
PERK   hnRNPA1      
(tandem mass spectrometry)      
 .       
      . PERK  -
  ,    Thr51  Ser54 
      (Figure 8D). 
        
          
 (Figure 8E).     
(GPS 2.1)    hnRNPA1   3   
  Thr51  PERK     
(Figure 8F).      hnRNPA1
       
38 
(Figure 8G).        PERK
 hnRNPA1  Thr51      
  . 
Thr51  hnRNPA1       
    Thr51  Ser54   
   . Thr51     
tunicamycin  hnRNPA1    , Ser54  
     (Figure 8H). , LX-2 
 Thr51-   hnRNPA1  tunicamycin   α-SMA 
    Thr51     
  (Figure 8I). 
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Figure 8. PERK phosphorylates hnRNPA1 on Thr51 for destabilization
(A) Co-immunoprecipitation assays. LX-2 cells were treated with tunicamycin after 
transfection with FLAG-hnRNPA1. (B) Confocal imaging of hnRNPA1 and 































































































Conserved Human hnRNPA1 (1-320)
RGGRRM RRM



















































PERK phosphorylation sites of hnRNPA1 prediction







on the dashed line (arrowheads indicate double-positive peaks). Double-positive 
signals were quantified (n=3 each). N.D., not detected. (C) An in vitro kinase assay. 
Recombinant proteins were incubated with 32P-ATP as shown, and phosphorylation 
was visualized by autoradiography (Bottom, Coomassie blue staining). (D) Peptide 
array assays. 73 overlapping peptide fragments corresponding to human hnRNPA1 
in an array were subjected to in vitro phosphorylation using GST-PERK and 32P-ATP. 
(E) Sequence comparison of a positive hit among different species. RRM, RNA 
recognition motif; RGG, RGG box motif. (F) Sequence-based analysis of the 
putative PERK-phosphorylation sites on hnRNPA1 using GPS 2.1 software 
(numbers in parentheses indicate probability scores). Multiple predicted sites 
including Thr 51 residue were shown. (G) The time-course effect of tunicamycin 
treatment on the threonine phosphorylation of hnRNPA1 in LX-2 cells. The 
immunoprecipitates used in panel A were immunoblotted for phospho-threonine, 
sharing the loading control. (H) Immunoblottings for FLAG-tagged hnRNPA1. After 
transfection with FLAG-tagged WT hnRNPA1, or its T51A or S54A mutant, LX-2 
cells were treated with tunicamycin (12 h). (I) qRT-PCR assays (n=3 each). The cells 
were treated with tunicamycin (24 h) after WT or T51A mutant hnRNPA1 
transfection. Data represent the mean ±S.E.M. (significantly different as compared 
to control, *P < .05; N.S., not significant). 
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1-8. hnRNPA1의 성상세포 특이적 발현에 의한 간섬유화증의 치료 
상기 결과로부터 발견한 신호전달체계를 간섬유화증의 치료에 활용하
기 위하여 α-SMA 프로모터를 이용한 성상세포 선택적 hnRNPA1 유전자 
전달 체계를 이용하였다(Figure 9A). 성상세포에서 hnRNPA1를 과발현하
면 사염화탄소에 의해 증가하는 간 내 섬유소 축적이 억제되었으며, 
Masson 삼색염색과 하이드록시프롤린 정량분석에도 같은 현상을 확인하
였다(Figure 9B). 이와 유사하게, 성상세포 선택적 hnRNPA1 과발현은 
Tgfb1, α-SMA, Col1a1, Timp1 유전자의 mRNA 증가를 억제하였다(Figure 
9C).  
42
Figure 9. HSC-specific delivery of hnRNPA1 inhibits liver fibrosis progression
(A) Verification of in vivo gene delivery to hepatic stellate cells using lentiviral 
particles containing SMA-Myc-hnRNPA1 construct. Left, liver sections were 
immunostained against Myc-tag and colored using 3,3'-diaminobenzidine. Middle, 




Right, immunoblotting for Myc-tagged hnRNPA1 in mouse primary 
HSCs isolated from mice injected with vehicle or the lentiviral construct. (B and C) 
The effect of specific hnRNPA1 delivery to HSCs on liver fibrosis. (B) Masson’s 
trichrome staining and quantification of hydroxyproline content were done in the 
livers of mice treated with CCl4 for 6 weeks after the viral infection. (B) qRT-PCR 
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    hnRNPA1   . PERK  
 α-SMA      
       . 
,       hnRNPA1   
 , hnRNPA1      
   (Figure 10A).    , 
   PERK  ,   
 PERK  Thr51   hnRNPA1    miR-
18a   ,  SMAD2    
     (Figure 10B).  
44
Figure 10. PERK activity negatively correlates with hnRNPA1 expression in 
human fibrotic liver

































































2.     
 
2-1.        Gα13  
  
    Gα    
     (GSE43346)  . 
     Gα13     
 (Figure 11A). Gα12    Gα13   
    . RNA-seq (GSE30611)  
  Gα12   Gα13    
(Figure 11B).      
 , C57BL/6J      Gα13  
  (Figure 11C). 
C2C12       
  H (myosin heavy chain)      
 CHOP  GRP78,   PERK  (Figure 
11D).    Gα13      
(Figure 11E).     (satellite 
cell)         
.       
      Gα13   
(Figure 11F).        




















































































































































































































2-2.      Gα13    
     Gα13     
         
 (GSE9103)  Gα   ,   
Gα13       (Figure 12A).  
     3      
  Gα13   (Figure 12B).  
    (high-fat diet; HFD)    
 Gα13    , Gα13     
 RhoA   (Figure 12C).    
  2       
















































































































































































































2-3.   Gα13    
   Gα13       
 .  Gα13     
  (Offermanns, 1997), (creatine kinase; 
Ckmm)    Cre-loxP    
 Gα13  (Gα13 MKO; Gα13 muscle-specific knockout)  
  . Gα13  loxP   Gα13  
      , Cre  
  Gα13flox/flox   (wild-type)  
 (Figure 13A,B).   Gα13   
       1   . 
Gα13 MKO  ( ; tibialis anterior)  
(soleus)  Gα13  mRNA       
  , , ,       





























































































































WT G13 MKO WT G13 MKO
G13
-actin
Epididymal fat Brain Kidney
WT G13 MKO WT G13 MKO WT G13 MKO
D
51 
2-4. Gα13      
    H    1, 2a, 2x, 
2b  (Schiaffino and Reggiani, 2011),   1  2a  
        
/       . Gα13
       Gα13 MKO  
        
  2b     Myh4    
Gα13 MKO    ,  Gα13  
     (Figure 14A). 
           
    (Figure 14B).   
         
 (Figure 14C).     1  
 2a      2b    
(Figure 14D).    (succinate 
dehydrogenase; SDH)   (Figure 14E).  
   ( ; gastrocnemius)   
  . 
         
. Gα13 MKO        
 ,    20%  30%    
 (Figure 14F).    Gα13 MKO 
 ,       
 (Figure 14G).     Gα13 MKO 
52 
   ,   Gα13 MKO  
  DNA  2  (Figure 14H). 
   RNA    PGC1α  Nrf1  
     Gα13 MKO   
   (Figure 14I).   
          
  .  Gα13     





(A) Global gene expression analysis. RNA was isolated from soleus muscles of mice 















and eosin staining (Left) and wet weight (Right) of hindlimb muscles. G, 

































































































































































































Mitochondrial biogenesis Oxidative phosphorylation
8



















from 12-week-old WT or Gα13 MKO mice using specific antibodies for each of the 
fiber types (n=3). (E) Representative histochemical staining of succinate 
dehydrogenase (SDH) enzymatic activity in TA muscles (n=3-4 per genotype). (F) 
Endurance capacity of Gα13 MKO mice compared to WT mice. Percentage of mice 
running over time (Left) and maximum running time (Middle) and distance (Right) 
in endurance exercise test are shown (n=10 per genotype). (G) Transmission electron 
micrographs in longitudinal sections of soleus muscle. Arrows point to mitochondria. 
Scale bars, 1 μm. (H) Quantification of mitochondrial DNA content (n=3 each). 
Copy number ratio of mitochondrial to nuclear DNA was measured by qPCR 
analysis for Mt-co2 and Nrip1 using total DNA isolated from gastrocnemius muscle. 
(I) qRT-PCR assays. Tibialis anterior muscles were prepared from mice that had been 
fasted overnight (n=6-8 each). For F, H and I, the data are shown as the mean 
±S.E.M. (significantly different as compared to WT, *P < .05; **P < .01). 
  
55 
2-5. Gα13      
Gα13        
       . 
    ATP    
 ATP      
   ATP      
       
(Szendroedi et al., 2011).    (
, ,  )      
       
(myotube)    (Figure 15A). Gα13 MKO 
        
    (Figure 15B). 7     
   Gα13 MKO    Gα13  
 (Figure 15C). Gα13     
    . Oligomycin   ATP  
       ATP   
   .  ATP  
  ATP   FCCP   
    Gα13      
     , (uncoupled), 
   2    (Figure 15D). 
  Gα13       




(A-C) Isolation and validation of primary satellite cells. (A) Representative plots for 
flow cytometry-based primary satellite cell isolation. Hindlimb muscles were 
stained with APC anti-CD31, APC anti-CD45.2, FITC anti-Sca1 and PE 
anti-VCAM1. Cells in the P4 gate were sorted as satellite cells. The population 
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(C) Immunoblotting for Gα13. Primary satellite cells from each genotype were 
differentiated as indicated. (D) Respiration assay. The oxygen consumption rate 
(OCR) of primary satellite cell-derived myotubes from each genotype. The OCR of 
basal, uncoupled (by addition of oligomycin), maximal (with FCCP, carbonyl 
cyanide p-trifluoromethoxyphenylhydrazone) and non-mitochondrial respiration 
(with rotenone plus antimycin A) were determined using an XFp Extracellular Flux 
Analyzer. Real-time triplicate readings (Left) and calculated mitochondrial 
respiration rates (Right) are shown (n=3 each). For D, The data are shown as the 
mean ±S.E.M. (significantly different as compared to WT, **P < .01). 
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    Gα13      
 (Figure 11A-C).      Gα13  
    Gα13   , 
      (Figure 16A). 
          
          
(Figure 16B,C).      
        
 (Figure 16D).  Ckmm-Cre     Gα13  





Figure 16. Analysis of gene expression and morphology of heart tissues from 
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2-6. Gα13   NFATc1     
NFATc1       
  (Ehlers et al., 2014; Meissner et al., 2011).  NFATc1  
Gα13         
.    NFATc1       
 (Figure 17A). Gα13     NFATc1   
   Gα13  NFATc1    
 (Figure 17B). Gα13     
NFATc1   ,  NFAT (isoform)   
NFATc1      (Asagiri et al., 
2005). 
Gα13  NFATc1      3  NFAT 
   (luciferase)   
    Gα13  Q229L (constitutively 
active mutant; Gα13QL)      
NFAT     NFATc1     
(Figure 17C). Gα13  NFATc1   ,  
(calcium ionophore)  A23187    
(Figure 17D).  NFAT       
 Gα13   (Figure 17E).    NFATc1  
  Calcineurin    Gα13   
  (Figure 17F,G).  Gα13   NFATc1  
        . 
, (proteasome)  cycloheximide 
  Gα13   NFATc1     Gα13QL  
61 
NFATc1         
(Figure 17H). 
NFATc1  Gα13      
     NFATc1 shRNA   
.  2     NFATc1   Gα13 
     (Figure 17I).  
CRISPR-  Gα13 (Cong et al., 2013)    
  NFATc1    (Figure 17J).  
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(?) A schematic diagram of NFATc1 signaling pathway. Translocation is controlled 
by (de)phosphorylation on multiple sites. Nuclear NFATc1 mediates oxidative 




















































































































































































































expression level of NFATc1 (n=3 each). Left, immunoblotting for NFATc1 in mouse 
gastrocnemius muscle. Mice were fasted overnight following sacrifice. NF, nuclear 
fraction; CF, cytoplasmic fraction. Right, immunoblotting for NFATc1 in the total 
lysate of mouse tibialis anterior muscle. (C) NFATc1 transcriptional activity assays 
(n=3 each). Luciferase reporter with 3x NFAT binding sequence upstream of a 
transcription start site was transfected to C2C12 myotubes with NFATc1 or control 
vector. Myotubes were then infected with adenovirus expressing indicated genes. 
Luciferase activity was assayed 48 h later. Gα13QL, constitutively active Q229L 
mutant of Gα13. (D) Immunoblotting for HA-tagged NFATc1. C2C12 myotubes 
were transfected with HA-tagged NFATC1 expression vector, followed by 
adenoviral infection of LacZ or Gα13QL. A23187 or vehicle was added 12 h prior 
to the assay. (E) NFATc1 transcriptional activity assays (n=3 each). Luciferase 
activity was assayed in C2C12 myotubes treated as in D. (F) Immunoblottings for 
calcineurin A in the indicated skeletal muscles of mice fasted overnight. (G) 
Calcineurin activities. Calcineurin phosphatase activity was measured using RII 
substrate peptide on the same muscles as in F. The relative activity represents the 
difference between total phosphatase activity and that in the presence of EGTA, as 
normalized by protein content in lysates. (H) Immunoblottings for NFATc1. After 
adenoviral infection, C2C12 myotubes treated with MG132 for 12 h. (I) 
Representative histochemical staining of SDH activity in TA muscles (n=3-4 per 
genotype). Muscles were snap-frozen 14 days after electroporation-mediated 
delivery of plasmid encoding shRNA. Each mouse received a control plasmid in one 
limb (shControl), and the plasmid encoding shNFATc1 in the contralateral limb. (J) 
Respiration assay. Basal oxygen consumption rates were determined using an XFp 
Extracellular Flux Analyzer. C2C12 myotubes of indicated genotypes were prepared 
64 
by CRISPR-mediated gene editing (n=3 each). All data are shown as the mean 
±S.E.M. (N.S., not significant).  
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2-7. Rock2   NFATc1      
Gα13    RhoA  Q63L   
Gα13QL   NFATc1   (Figure 18A). Rock1  
Rock2  RhoA   (Julian and Olson, 2014). 
   Rock2    Rock1   
   .   RNA-seq  
    Rock2   
(Figure 18B).  Rock2    Gα13  NFATc1 
 , Rock1      (Figure 
18C).    Gα13   Rock2   
NFATc1   . 
Rock2  NFATc1       
   GST pull-down    Rock2  
NFATc1    (Figure 18D)  
  ,    Rock2 
 Y-27632     Rock2   NFATc1  
  (Figure 18E).   NFATc1 
   Rock2  NFATc1  NFAT (NFAT homology region; 
NHR)  C (C-terminal domain; CTD)    
(Figure 18F).  
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Figure 18. Rock2 associates with NFATc1 and inhibits the activity
(A) NFATc1 transcriptional activity assays (n=3 each). Using C2C12 myotubes, 












































































































































































































with CA-RhoA or control vector. Luciferase activity was assayed 48 h after 
transfection. (B) Tissue distribution of Rho kinase (Rock) isoforms in an RNA-seq 
(Left) or a microarray (Right) data using human samples. The data were extracted 
from GSE30611 or GSE43346. (C) NFATc1 transcriptional activity assays (n=3 
each). NFATc1 activity reporter plasmid was transfected to C2C12 myotubes with 
siRNAs against Rock1 and Rock2 or control siRNA as indicated. After 36 h, the cells 
were infected with adenovirus encoding LacZ or G13QL. Luciferase activity was 
assayed after another 36 h. (D) GST pull-down assay. Recombinant GST or GST-
NFATc1 fusion proteins were immobilized on glutathione-agarose beads and 
incubated with His-tagged recombinant human ROCK2 fragment (5-554 residue). 
The in vitro interaction of NFATc1 and ROCK2 was assessed by either silver staining 
or immunoblotting with His-tag-specific antibody. (E) Immunoprecipitation (IP) 
assays. HEK293 cells were transfected with HA-tagged NFATc1 and/or Flag-tagged 
Rock2 as indicated. Y-27632 (3 M) was added 12 h prior to the assay. (F) Top, 
schematic representation of N-terminal HA-tagged full-length NFATc1 (WT), along 
with its deletion mutants. NHR, NFAT homology region; RHR, REL-homology 
region; CTD, C-terminal domain Bottom, immunoprecipitation assays. HEK293 
cells were transfected with indicated NFATc1 constructs along with Flag-tagged 
Rock2 for 24 h, and the lysates were subjected to pulldown assay. For A-C, data are 
shown as the mean ±S.E.M. (N.S., not significant). 
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NFATc1   Rock2     
 (Figure 19A).  Rock2   NFATc1  
   Y-27632    .   
Rock2    . Rock2     
      (LC/MS/MS)   
 Rock2   NFATc1  Ser241  Ser345 (  Ser243, 
Ser347  )    (Figure 19B). Ser241 
         
 Ser345   (Figure 19C).   
  Ser243  Ser347    NFATc1  
C2C12  .   NFATc1  
     NFATc1   . 
Ser243    Gα13    
, Ser347     (Figure 19D). , 
Ser243   8     
   Rock2     
NFATc1    (Figure 19E). 
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Figure 19. Rock2 phosphorylates NFATc1 at Ser243
(A) In vitro kinase assay. Recombinant proteins and 32P-ATP were incubated with or 
without Y-27632 (10 M), and phosphorylation was visualized by autoradiography. 
(B) LC/MS/MS analysis of human NFATc1 after incubation with human 
ROCK25-554. (C) Schematic illustration of NFATc1 protein domains and a sequence 
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activity assay. NFATc1 knockout C2C12 myotubes were transfected with NFATc1 
reporter plasmid and wild-type (WT) NFATc1 or its serine-to-alanine mutant (n=3 
each). Data are shown as the mean ±S.E.M. (E) In vitro kinase assay. An 8-mer 




NFATc1  Ser243       
       (Figure 20A). 
NFATc1  C2C12  Ser243  NFATc1    
      ,   in 
vivo  Ser243    . Gα13  
  Ser243   NFATc1    
(Figure 20B).    Gα13    
 NFATc1  Ser243  (Figure 20C).  NFATc1  
Ser243    2       
(Figure 20D).   NFATc1  Ser243  
       
(Figure 20E). Rock2  Gα13   Ser243  NFATc1  
        
       NFATc1   




(A-C) Immunoblottings for phosphoserine243-NFATc1. (A) NFATc1-knockout 













was done 12 h after the transfection. Samples were prepared after another 24 h. (B) 
Mice of each genotype were fasted overnight before sacrifice (n=3 each). (C) Mice 
were subjected to 1 h of exercise and rested for 4 h before sacrifice. (D) 
Immunohistochemistry for phosphoserine243-NFATc1 in the human specimens 
same as in Figure 1E. (E) Immunoblottings. Mice were fed on a normal (ND) or 
high-fat diet (HFD) for 13 weeks. Mice were fasted overnight before sacrifice. For 


























































2-8.      Gα13   
       
  (Lin et al., 2005a; Rangwala et al., 2010).  Gα13
         
  .   Gα13 MKO   
      10%   
(Figure 21A).  Gα13 MKO   
         
          
  (Figure 21B). CLAMS     
      (Figure 21C). 
Gα13 MKO        
      , 
  .  , Oil Red O     
     Gα13 MKO  (Figure 
21D).         
(Figure 21E). Gα13 MKO     
       
(Figure 21F,G).     Gα13   
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Figure 21. Gα13 MKO mice are protected from diet-induced adiposity with 
increased fatty acid metabolism 
(A) Body weight gain. Nine-week-old WT or Gα13 MKO mice were fed on a normal 
(ND) or high-fat diet (HFD) for 9 weeks (n=6-8 each). (B) Determination of fat and 
lean mass in HFD-fed WT and Gα13 MKO mice using nuclear magnetic resonance 
(n=8 each). (C) In vivo energy balance were analyzed using individual metabolic 
cages (n=8 each). (D) Oil red O staining of TA muscle after HFD feeding. (E) Muscle 
triglyceride content. Relative amount of triglyceride normalized with protein 
concentration was assessed in mouse soleus muscles (n=6-8 each). (F) Ex vivo fatty 
acid uptake assay (n=3 each). (G) qRT-PCR assays for transcripts of the genes 
associated with lipid uptake and oxidation (n=6-8 each). All data are shown as the 
mean ±S.E.M. (significantly different as compared to WT, *P < .05; **P < 0.01). 
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  (Figure 22A,B).   Gα13 MKO 
 9         
(Figure 22C).        
        
.   Gα13     
         





(A-C) Hematoxylin and Eosin staining and weights of skeletal muscles (A), Adipose 
tissues in the epididymal depot (B), and livers (C) (n=6-8 each). Mice were fasted 























































2-9.       Gα13   
        
  (Jacob et al., 1999; Krssak et al., 1999; Perseghin et al., 1999). 
       
   (Simoneau and Kelley, 1997). Gα13    
       
(Figure 23A).  (pancreatic islet)    
     (Figure 23B). (ex vivo)  
 Gα13        
   (Figure 23C).  Gα13 MKO  
    (glucose tolerance)  
(insulin tolerance)     (Figure 
23D,E). 
    Gα13 MKO    
  Ser307-IRS1  JNK   ,  
  Akt  GSK3  (Figure 23F).  
      Thr308-  Ser473-Akt, S6  
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Glucose tolerance test Insulin tolerance test
80 
high-fat diet (HFD) for 9 weeks. Mice were fasted overnight prior to assays (n=6-8 
each). (B) Representative hematoxylin and eosin staining of pancreatic islets (n=6-8 
each). (C) Maximal 2-deoxy glucose (2-DG) uptake assay using isolated soleus 
muscles. Mice were fasted overnight before sacrifice (n=6 each). (D) Glucose 
tolerance test and (E) insulin tolerance test. Mice fed on a high-fat diet or a normal 
diet for 9 weeks were subjected to blood glucose measurement (n=6-8 each). (F) 
Immunoblottings for the markers of insulin resistance. Soleus muscles were from 
HFD-fed mice fasted overnight. (G) Immunoblots after acute insulin injection. Mice 
of each genotype fed on a HFD were sacrificed 15 min after insulin injection. All 
data above are shown as the mean ±S.E.M. 
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  (hyperinsulinemic-euglycemic clamp)  
. Gα13 MKO    4.8    
(glucose infusion rate)       
 (Figure 24A).       
       (Figure 
24B,C).          
Gα13 MKO   (Figure 24D). , 
  Gα13          
     . 
    Gα13   Rock2    
NFATc1  ,      





(A-D) Whole body and tissue-specific insulin sensitivities were assessed in HFD-fed 
mice using hyperinsulinemic-euglycemic clamp (n=6-7 each). (A) Glucose infusion 
rate. (B) Whole body glucose uptake, glycolysis, and glycogen synthesis rates. (C) 
Hepatic glucose production rate (HGP). (D) 2-Deoxy glucose uptake rate in 









downstream signaling molecules control muscle fiber type and metabolic 




















































































































IV.   
    , ,    
 (Xu et al., 2005).     
    ,  ,  
 ,  ,         
  (Feng et al., 2003; Lin et al., 2005b; Marwarha et al., 
2012; Zhang et al., 2009).     
        
.         
   . 
 
1-1.       
(liver fibrosis)   ,   ,  
         
       (Friedman, 
2008).         
      , 
        
       
(Pellicoro et al., 2014).       
         
     .    
  2        
         
  . 
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       Grp78 
      .   
   SMAD2    ,  
 hnRNPA1    miR-18a     
.  PERK   hnRNPA1  Thr51   
    hnRNPA1    
       
   . 
 
1-2. TGF      
TGF       SMAD2/3  
 (Massagué, 2012). TGF     
SMAD2  SMAD3       
 SMAD4        
. TGF         
  , SMAD2/3     
        
        
     (Gressner et al., 2002). 
   TGF       
       (Rosenbloom 
et al., 2010).      TGF  
        . 
85 
 TGF      , 
SMAD2       .   
        SMAD2 
  , SMAD2      
    .   SMAD2 
          
 .  SMAD2    TGF  
      
-        
  TGF     . 
 
2-1.       
    (Jou et al., 
2008).          
       (Efeyan et 
al., 2015; Samuel and Shulman, 2016).     
   (DeFronzo and Tripathy, 2009),  
         
        
      (Kim et al., 
2001). 
     H (myosin heavy 
chain)    1, 2a, 2x, 2b  (Schiaffino and Reggiani, 
2011).     1  2a    
    , 2x  2b   
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.         
      .   
        
   (Egan et al., 2013).    
         
(Hickey et al., 1995),        
         
  .      
         
     . 
        
     Gα13   
. Gα13        
   ,   Gα13   
    .   
 Gα13     RhoA-Rock2  NFATc1    
  ,   Gα13    
   .  Rock2   NFATc1  Ser243 
      G  
    . 
          
 (Egan et al., 2013; Hickey et al., 1995),     
     (Kiens and Richter, 
1998)    .      
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  (Narkar et al., 2008).   Gα13    
        
.          
(Samuel and Shulman, 2016),      
       (Kim et 
al., 2000, 2001; Zisman et al., 2000).       
        
.     Gα13       
       . 
 
2-2. Gα       
Gα  G       
  .    Gα   
   .      Gα 
      Gα   
(Oldham and Hamm, 2008; Rozengurt, 2007). Gα   
  Gα s, Gαi, Gαq, Gα12  .   Gα12  
Gα13   Gα12       
, , ,   (Juneja and Casey, 2009; 
Spiegelberg and Hamm, 2007; Worzfeld et al., 2008).   
   Gα      Gα13 
(  Gα12)       .  
       
      .     
88 
Gαs         
  (Chen et al., 2009),  Gα    
  .  Gα13      
          
       . 
 
3.     
       , 
      (Ubersax and Ferrell, 
2007).          
       .  
       -   
   .     
       
      .   
        
   .      
       
      . 
     hnRNPA1   
  hnRNPA1     , 
cycloheximide     .  
     PERK     , 
       .  
  hnRNPA1        
89 
. Akt  hnRNPA1  Ser199 , VRK1  Ser6   
   (Choi et al., 2012; Jo et al., 2008). PERK  
    (Zhang et al., 2006). 
 PERK      eIF2α  Nrf2   
(Cullinan et al., 2003; Harding et al., 1999).   PERK   
  hnRNPA1  , hnRNPA1  Thr51   
   .       
        
      .  hnRNPA1  
  PERK        
, PERK          
 . 
  Rock2  NFATc1   ,   
   . NFATc1       
NHR         . 
     GSK3, CK1, DYRK   
   (Müller and Rao, 2010).   
Rock2  NFATc1     , NFATc1  
Ser243  Rock2   NFATc1   .  
   Ser243     
       .  
  NHR   NFATc1  CTD  Rock2  
    .  NFATc1  NHR  
 CTD  Rock2    .   
(distal docking motif)   (Ubersax and Ferrell, 2007), 
90 
NFATc1  CTD  Rock2     .  
      NFATc1  
Rock2      .   
  Rock1   Rock2  NFATc1   
 . Rock1  Rock2      
(Nakagawa et al., 1996) NFATc1   Rock2  
     .  Rock1  Rock2  
        
       
(Mertsch and Thanos, 2014; Noguchi et al., 2007; Shi et al., 2013).   
  Rock2   NFATc1  Rho-Rock1/2 
      . 
 
4.     
    TGF     
   (Rosenbloom et al., 2010),  
  TGF       
  .   hnRNPA1     
 ,       
 .    PERK    
hnRNPA1         
      . 
    Gα13     
         
       . Rock2  NFATc1  
91 
Ser243       Rock1/2  
  (Kanda et al., 2006)      
   .     Gα13  NFATc1  
       .   
NFATc1      T      
          
     . 
,      PERK-hnRNPA1-miR-
18a-SMAD2   Gα13-Rock2-NFATc1   
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Endoplasmic reticulum (ER) serves as the central organelle in protein synthesis, 
maturation, and calcium homeostasis. Excess energy uptake or inflammatory 
mediators triggers a stress signal in ER which chronically promotes metabolic 
diseases. Although clinical complications of metabolic disease vary in regard to each 
organ, disorders or functional failures in liver and skeletal muscle, the major energy-
metabolizing organs, shows the earliest onset in general. However, the role of ER 
stress in liver fibrosis development and consequent chronic liver disease progression 
are vastly unknown. Moreover, the determinant of metabolic phenotype conversion 
in skeletal muscle which determines whole body metabolic rate needs to be identified. 
Many reports support the link between ER stress and metabolic disease. Nonetheless, 
its pathological mediators which controls disease progression still need to be 
discovered. Thus, specific aims of this study were to identify novel pathological 
molecules which mediates ER stress and to specify the mechanisms of 1) liver 
fibrosis progression by ER stress in terms of hepatic stellate cell transdifferentiation 
and 2) reprogramming of energy metabolism by ER stress-associated pathological 
mediator in terms of myofiber transdifferentiation. 
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First, since hepatic ER stress increased with liver fibrosis progression in patient 
tissue samples, the role of ER stress in hepatic stellate cell activation was explored. 
Targeted lentiviral delivery of Grp78 to HSCs in mice reduced fiber accumulation in 
liver. Levels of SMAD2, but not SMAD3, were increased in fibrotic liver tissues 
from patients or mice exposed to ER stress; small interfering RNA-mediated 
knockdown of SMAD2 reduced ER stress-mediated activa- tion of HSCs. In rat 
HSCs, ER stress increased levels of SMAD2 messenger RNA by decreasing levels 
of microRNA-18a (miR-18a), an inhibitor of SMAD2 expression, rather than 
transactivating the SMAD2 gene. ER stress-activated PERK phosphorylated 
hnRNPA1, a protein required for the maturational processing of primary miR-18a, 
at Thr51, accelerating its degradation. Overexpression of hnRNPA1 (or its T51A 
mutant) in HSCs of mice inhibited liver fibrosis. Severe fibrotic liver tissues from 
patients had increased levels of phosphorylated PERK and reduced levels of 
hnRNPA1 in HSCs, compared with mild fibrotic liver tissues. These results 
suggested ER stress and its novel downstream signal mediator hnRNPA1 as a 
therapeutic target against liver fibrosis progression. 
Secondly, since ER stress was increased in developmental process of myocyte 
differentiation from myoblast and expressional increase of Gα13 was newly found 
to be associated in the process, the role of Gα13 in energy metabolic process was 
then explored. Levels of Gα13 was higher in skeletal muscles of a diabetic patient or 
high-fat diet fed mice. Conversely, Gα13 expression was suppressed following a 
single bout of exercise. Skeletal muscle-specific Gα13 knockout mouse showed 
significantly greater oxidative fiber proportion in the muscle, with higher 
mitochondrial biogenesis and cellular respiration compared to wild-type. NFATc1, a 
chief regulator of myofiber type conversion, was suppressed by Gα13 and its 
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downstream effector RhoA and mediated most of the effect of Gα13 on myofiber 
conversion, as revealed by in vivo delivery of NFATc1 shRNA. Mechanistically, 
Rock2 downstream of Gα13-RhoA, phosphorylated NFATc1 at Ser243 to inhibit its 
transcriptional activity. Ser243 phosphorylation of NFATc1 was reduced after 
exercise, but was higher in obese animals or diabetic patients. Consequently, Gα13 
deletion in muscles enhanced whole-body energy metabolism and increased insulin 
sensitivity, thus affording protection from diet-induced obesity and hepatic steatosis. 
The results define Gα13 as a switch regulator of myofiber reprogramming, implying 
modulations of Gα13 or associated receptors and downstream pathways may provide 
an innovative strategy to improve muscle metabolic function, on patients with 
metabolic disease. 
Collectively, it is newly revealed that 1) PERK phosphorylation of hnRNPA1 
mediates ER stress-induced hepatic stellate cell transdifferentiation and that 2) 
Rock2 phosphorylation of NFATc1 mediates metabolic transdifferentiation of 
myofibers triggered by ER stress-associated signal mediator Gα13. The results 
suggest the pathophysiological influences of ER stress and its mediators in the major 
metabolic organs liver and muscle and thus warrant further scientific exploration and 
a possible avenue for pharmaceutical interventions against diseases. 
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